Hepatic carcinoma is the third leading cause of cancer-related deaths. This study aimed to evaluate the antitumor effects of rosmarinic acid (RosA) combined with Adriamycin (ADM) on proliferation and apoptosis of hepatic carcinoma cell lines.
Background
Hepatic carcinoma is the third leading cause of cancer-related deaths [1, 2] . Of the total worldwide incidence of hepatic carcinoma, China accounts for 55%, and the mortality caused by hepatic carcinoma is second only to that of lung cancer [3, 4] . Hepatocellular cancer is the most common type of hepatic carcinoma in adults [5] . The high mortality of hepatic carcinoma is also associated with the recurrence of hepatocellular cancer. Clinically, patients are usually diagnosed with hepatic carcinoma at advanced stages, so it is urgent to selecting the effective treatment methods such as chemotherapy [6] . Nowadays, the most commonly used single-agent drugs for hepatic carcinoma therapy include cisplatin, sorafenib, doxorubicin, and 5-fluorouracil [7] . However, these drugs exhibit low selectivity and always induced serious adverse effects clinically. Therefore, it is urgent to develop new drugs that exhibit higher selectivity, higher efficacy, and fewer adverse effects.
Combination therapy has emerged as a novel strategy for treating hepatic carcinoma and shows fewer adverse effects and better long-term efficacy [8] . The most commonly used combination therapies are the combination of chemotherapy with chemo-sensitizers and the combination of anti-cancer agents targeting multiple pathways, both of which can reduce adverse effects and maximize therapeutic effects [9, 10] .
Rosmarinic acid (RosA) is a natural compound with several biological activities, such as anti-inflammatory, anti-angiogenic, anti-oxidant, anti-fibrosis, and hepato-protective functions [11] . RosA is extracted from medicinal species of Lamiaceae and Boraginaceae [12] . Recent studies reported that RosA has antitumor activity in gastric cancer [13] , leukemia [14] , and colon cancer [15] by triggering signaling pathways. Although these biological activities have been clearly defined, the effects of RosA in hepatic carcinoma have not been fully clarified. Adriamycin (ADM) is an anthracycline antibiotic and is considered as the most efficient drug for treating hepatic carcinoma [8, 16] . ADM is broad-spectrum anti-tumor drug that can cause tumor cells apoptosis by regulating transcription [17] . However, ADM can only target the proliferating-stage tumor cells and reduce tumor volume, inducing complete remission. Therefore, we combined RosA with ADM in this study and evaluated the anti-tumor effects on apoptosis of hepatic carcinoma cell lines HepG2 and Bel-7402.
Material and Methods

Cell culture
The human hepatoma cell lines HepG2 and Bel-7402 were purchased from the Type Culture Collection of Shanghai Academy of Science (Shanghai, China). HepG2 and Bel-7402 cells were cultured in Roswell Park Memorial Institute 1640 (PRMI 1640, Gibco BRL. Co., Ltd., Grand Island, NY, USA) supplemented with heat-inactivated fetal bovine serum (FBS, 100 ml/l, Gibco BRL. Co., Ltd.), 100 U/ml penicillin (Beyotime Biotech, Shanghai, China) and 100 U/ml streptomycin (Beyotime Biotech). Both cell lines were seeded in 6-well plates (Corning, NY, USA) and grown in a humidified atmosphere containing 5% CO 2 at 37°C. This study was approved by the Ethics Committee of Quanzhou Medical College, Quanzhou, China.
Cell treatment and trial grouping
The cell suspensions were adjusted to the concentration of 10 5 -10 6 cells/well. According to the pre-experiment results, the optimal dosage of ADM was 0.4 μg/ml and the concentration of RosA ranging from 25 μg/ml to 100 μg/ml had the best effects on cell viability (Supplementary Figure 1) . Therefore, HepG2 and Bel-7402 cells were incubated with ADM (Beijing Huafeng United Tech. Co., Ltd., Beijing, China) at a final concentration of 0.4 μg/ml and RosA (Aladdin Reagent Co., Ltd., Shanghai, China) at the final concentration of 25 μg/ml, 50 μg/ml, and 100 μg/ml, respectively. HepG2 cells were divided into HepG2 group, HepG2+25 μg/ml RosA+0.4 μg/ml ADM group, HepG2+50 μg/ml RosA+0.4 μg/ml ADM group, and HepG2+100 μg/ml RosA+0.4 μg/ml ADM group. The Bel-7402 cells were divided into Bel-7402 group, Bel-7402+25 μg/ml RosA+0.4 μg/ml ADM group, Bel-7402+50 μg/ml RosA+0.4 μg/ml ADM group, and Bel-7402+100 μg/ml RosA+0.4 μg/ml ADM group.
Cell counting kit-8 (CCK-8) assay
The cell viabilities of HepG2 and Bel-7402 cells were evaluated by using CCK-8 assay kits (Beyotime Biotech., Shanghai, China) according to the manufacturer's instruction. The exponentially growing H-ILCSCs, HCCLM3, and HL-7702 cells (5×10 4 cells/ml) were seeded into a 96-well plate (Corning Costar, Acton, MA, USA) and incubated for 72 h. At 24 h, 36 h, and 48 h, the CCK-8 solution (10 μl/ml medium) was added to 3 randomly selected wells and incubated at 37°C for 4 h. The cell viability was represented by optimal density (OD) values detected at 450 nm with an ELISA reader (Mode: Elx800, BioTek Inc., Winooski, VT, USA).
Immunohistochemistry assay
The HepG2 and Bel-7402 cells were fixed with 4% paraformaldehyde (Sangon Biotech., Shanghai, China) for 15 min, then washed in phosphate-buffered saline (PBS). Endogenous peroxidase was inactivated by using 3% hydrogen peroxide (Beyotime Biotech, Shanghai, China) at room temperature for 5 min. Then, the cells were blocked using 5% bovine serum albumin (BSA, Gibco BRL. Co., Ltd., Grand Island, New York, USA) for 20 min and washed with PBS. The cells were incubated with mouse anti-human B cell lymphoma-2 (Bcl-2) monoclonal antibody (1: 3000, cat. no. AE483629, RD Systems, Minneapolis, MN, USA) and mouse anti-human Bcl-2-associated X protein (Bax) monoclonal antibody (1: 3000, cat. no. 610983, RD Systems, Minneapolis, MN, USA) at 4°C overnight. Then, the tumor tissues were incubated with Biotin-conjugated rabbit anti-mouse IgG (1: 1000, cat. no.176-003, RD Systems, Minneapolis, MN, USA) at room temperature for 1 h. Finally, images of stained cells were captured by using an inverted fluorescence microscope (Mode: CKX 41, Olympus, Japan).
Cell cycle analysis
The cell cycle distribution of HepG2 and Bel-7402 cells was evaluated with the Cell Cycle and Apoptosis Analysis kit (BD Biosciences, San Jose, CA, USA) following the manufacturer's instruction. Briefly, HepG2 and Bel-7402 cells were harvested 24 h after the different treatments, washed 3 times using PBS, and fixed at 4°C for 1 h using 70% ethanol. Then, the HepG2 and Bel-7402 cells were stained using a propidium iodide (PI) solution containing RNase at 4°C for 30 min. Finally, about 20 000 cells were analyzed with the FACS Vantage SE flow cytometer (BD Biosciences, San Jose, CA, USA). The cell cycle distribution of HepG2 and Bel-7402 cells was analyzed using ModFIT cell cycle analysis software (Version 2.01.2; BD Biosciences, San Jose, CA, USA).
Flow cytometry assay
The apoptosis of HepG2 and Bel-7402 cells was evaluated with flow cytometry and an Annexin V-FITC apoptosis kit (BD Biosciences, San Jose, CA, USA). In brief, HepG2 and Bel-7402 cells were harvested and re-suspended in the Annexin V binding buffer (BD Biosciences) and incubated with Annexin V-PE and PI (BD Biosciences) for 15 min in the dark at room temperature. Then, the cells were analyzed using a FACS Vantage SE flow cytometer (BD Biosciences, San Jose, CA, USA). Finally, fluorescence was measured by using a 530/578 band filter to monitor Annexin V binding and using a 546/647 band filter to monitor PI uptake in HepG2 and Bel-7402 cells.
Terminal deoxynucleotidyl transferase-mediated d-UTP nick-end labeling (TUNEL) assay
The TUNEL assay was conducted by using the In Situ Cell Death Detection kit-POD (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer's instructions. Briefly, the HepG2 and Bel-7402 cells were washed with PBS and centrifuged. The obtained supernatant was discarded, and the pellets were re-suspended in the DNA labeling solution (50 μl, Beyotime Biotech, Shanghai, China) and incubated at 37°C for 2 h. Then, the detailed processes for the TUNEL were conducted according to a previous report [18] . Finally, the cells were imaged using an inverted microscope (Mode: IX70, Olympus, Japan) and analyzed using an Olympus camera system (Mode: BH-2, Olympus, Japan).
Statistical analysis
Data in this study are described as mean ± standard deviation (SD) and were analyzed using SPSS software 20.0 (SPSS, Inc., Chicago, IL, USA). The data were obtained from at least 3
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Results
RosA combined with ADM damaged cell morphology of HepG2 and Bel-7402 cells
To evaluate the effects of the RosA combined with ADM strategy on HepG2 and Bel-7402 cell growth, were observed (Figure 1) . However, the cells treated with RosA combined with ADM exhibited morphology of cell fragmentation and more dead cells (Figure 1) . Therefore, the results indicated that, compared with the HepG2 ( Figure 1A ) group and the Bel-7402 group ( Figure 1B ) group, the RosA combined with ADM treatment group had obviously damaged cell morphologies.
RosA combined with ADM decreased cell viability of HepG2 and Bel-7402 cells
Due to the damaged cell morphologies induced by RosA and ADM treatment, the cell viabilities of HepG2 and Bel-7402 cells were evaluated using CCK-8 assay. The results showed that for HepG2 and Bel-7402 cells, the cell viabilities of different concentrations of RosA combined with ADM were significantly decreased compared to the HepG2 group and the Bel-7402 group at 12 h (Figure 2A ), 24 h ( Figure 2B) , and 48 h ( Figure 2C ) (all p<0.05). Cell viabilities decreased with increased RosA concentrations (Figure 2, p<0.05) , which illustrates the dose-dependent differences among different treatment groups.
RosA combined with ADM regulated the proportions of cell cycle
To support the proliferation-inhibitive effects of RosA combined with ADM, the proportions of cells in each phase were analyzed ( Figure 3) . The results showed that the RosA combined with ADM treatment group had a significantly decreased G2 
RosA combined with ADM induced DNA damage of HepG2 and Bel-7402 cells
To confirm that RosA and ADM caused apoptosis, the DNA damage in HepG2 ( Figure 5A ) and Bel-7402 ( Figure 5B ) cells was also examined using TUNEL assay. The results indicated that the numbers of TUNEL-positive HepG2 cells (damaged DNA) were significantly increased in the HepG2+25/50/100 μg/ml RosA+0.4 μg/ml ADM group compared to the HepG2 group ( Figure 5C, all p<0.05) . Meanwhile, the TUNEL-positive Bel-7402 cell (damaged DNA) numbers were significantly higher in the Bel-7402+25/50/100 μg/ ml RosA+0.4 μg/ml ADM group compared to the Bel-7402 group ( Figure 5C, all p<0.05) . Moreover, the numbers of TUNEL-positive cells increased with increased concentration of RosA ( Figure 5 , p<0.05), which illustrates the dose-dependent difference in DNA damage among different treatment groups.
RosA combined with ADM reduced Bcl-2 expression in HepG2 and Bel-7402 cells
The mitochondria-associated signaling pathway key biomarker, Bcl-2, was examined in both HepG2 ( Figure 6A and Bel-7402 ( Figure 6B ) cells by using immunohistochemistry assay. The results indicated that expression of Bcl-2 in HepG2 cells were significantly decreased in the HepG2+25/50/100 μg/ml RosA+0.4 μg/ml ADM group compared to the HepG2 group ( Figure 6C, all p<0.05) . Meanwhile, expression of Bcl-2 in Bel-7402 cells was significantly reduced in the Bel-7402+25/50/100 μg/ml RosA+0.4 μg/ml ADM group compared to the Bel-7402 group (Figure 6C, all p<0.05) . Moreover, the expressions of Bcl-2 decreased with increased concentration of RosA (Figure 6, p<0.05) , which illustrates the dose-dependent difference in Bcl-2 expression among different treatment groups. 
RosA combined with ADM increased Bax expression in HepG2 and Bel-7402 cells
The pre-apoptotic biomarker, Bax, was also examined using immunohistochemistry assay in HepG2 ( Figure 7A ) and Bel-7402 ( Figure 7B ) cells. The results showed that Bax expression in the RosA combined with ADM treatment group was significantly increased compared to the HepG2 group and Bel-7402 group ( Figure 7C, p<0.05) . Furthermore, Bax expression increased with increased concentration of RosA (Figure 7 , p<0.05), which illustrates the dose-dependent difference in Bax expression among different treatment groups.
Discussion
Previous studies reported that RosA and ADM induce cell death. RosA has protective effects against liver injury and liver fibrosis by triggering its anti-apoptotic properties [19, 20] . ADM usually induces apoptosis of cells through regulating the transcriptional processes [17] . However, the anti-tumor biological activities of RosA and ADM have been rarely reported in hepatic carcinoma. In recent years, there has been a growing focus on exploration of mechanisms involved in hepatic carcinoma and associated targeting of potential drugs [21] . In the present study, the antitumor effects of RosA and ADM and the associated mechanisms were investigated in hepatic carcinoma cell lines HepG2 and Bel-7402. Actually, our pre-experimental data showed that RosA alone and ADM alone reduce cell proliferation and apoptosis (data not shown); therefore, in the present study we clarified the effects of RosA combined with ADM on apoptosis.
Our results showed that the morphologies of HepG2 and Bel-7402 cells were obviously damaged by treatment using RosA combined with ADM. Meanwhile, the CCK-8 assay results indicated that 25/50/100 μg/ml RosA+0.4 μg/ml ADM treatment significantly decreased cell viability compared to HepG2 and Bel-7402 cells. These results are consistent with previously published studies [22, 23] showing the anti-proliferative roles of RosA and ADM. Therefore, we investigated the mechanism by which RosA and ADM cause death of HepG2 and Bel-7402 cells.
The cell cycle assay results indicated that RosA combined with ADM treatment significantly decreased G2 phase proportion and increased G1 phase proportion compared to HepG2 alone and Bel-7402 alone. RosA combined with ADM significantly decreased the S-phase proportion in Bel-7402 cells but increased the S-phase cells in HepG2 cells, which suggests that RosA combined with ADM regulates S-phage distribution by different mechanisms in HepG2 vs. Bel-7402 cells, but this needs further investigation. Actually, the S-phase of the cell cycle is associated with cell apoptosis in the development of cells [24] ; therefore, we speculated that RosA combined with ADM induces apoptosis of HeaG2 and Bel-7402 cells. The flow cytometry results illustrated that the apoptosis rates in the RosA (different concentrations) combined with ADM group were significantly increased compared to HepG2 alone and Bel-7402 alone. In the present study, we analyzed the apoptosis rates by calculating early apoptosis plus late apoptosis, both of which can reflect the different stages of cell apoptosis [25] . Furthermore, TUNEL was also used to evaluate DNA damage in HepG2 and 7906 [26] ; therefore, the TUNEL results also exhibited the apoptotic functions of RosA and ADM.
Based on the effects we found using RosA combined with ADM on HepG2 and Bel-7402 cell apoptosis, the potential mechanism was also investigated in this study. Previous studies [27] reported that Bcl-2 and Bax are specific biomarkers of apoptosis for the mitochondria-associated signaling pathway. Our results indicated that RosA+ADM treatment significantly decreased Bcl-2 expression and significantly increased Bax expression compared to the HepG2 and Bel-7402 group, respectively. Bcl-2 was decreased and Bax was increased with increased concentration of RosA. Therefore, the results suggest that
RosA combined with ADM induces apoptosis of HepG2 and Bel-7402 cells by activating the mitochondria-mediated apoptosis signaling pathway.
Conclusions
RosA combined with ADM damaged cell morphologies, decreased cell viability, and induced apoptosis of HepG2 and Bel-7402 cells by triggering the mitochondria-mediated signaling pathway.
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